The authors critically reviewed experiments in which transcranial magnetic stimulation (TMS) and repetitive TMS (rTMS) of the higher visual pathway were used. Topics include basic mechanisms of neural excitation by TMS and their relevance to the visual pathway (excitatory and inhibitory effects), TMS and rTMS of calcarine cortex (suppression, unmasking, and phosphenes), TMS of V5(suppression), TMS and rTMS of higher level temporoparietooccipital areas(perceptual errors, unmasking, and inattention), the role of frontal lobe output in visual perception, and vocalization of perceived visual stimuli(role of consciousness of linguistic symbols).
Summary:
The authors critically reviewed experiments in which transcranial magnetic stimulation (TMS) and repetitive TMS (rTMS) of the higher visual pathway were used. Topics include basic mechanisms of neural excitation by TMS and their relevance to the visual pathway (excitatory and inhibitory effects), TMS and rTMS of calcarine cortex (suppression, unmasking, and phosphenes), TMS of V5(suppression), TMS and rTMS of higher level temporoparietooccipital areas(perceptual errors, unmasking, and inattention), the role of frontal lobe output in visual perception, and vocalization of perceived visual stimuli(role of consciousness of linguistic symbols).
Neuronal excitation by transcranial magnetic stimulation (TMS) is accounted for by the electric field induced in the volume conductor, i.e., the brain. A time-varying, high-current electrical pulse passed through a coil of wire induces a magnetic flux which, unlike electrical stimulation through scalp electrodes, passes through the skull with little attenuation (Barker et al., 1987) . The magnetic pulse then induces proportionately an electric field in a direction opposite to the current in the coil; the current flowing is proportional to the conductance of the volume conductor.
What neuronal structures are excited by TMS? Clearly, peripheral axons can readily be excited by a magnetic pulse, but that does not mean that axons are the low-threshold structures excited by TMS. Compelling evidence that the nodes of Ranvier of myelinated axons are the structures usually stimulated was first obtained by Barker et al., (1991) ; measurements of the chronaxie of elements excited by single-pulse TMS of motor cortex were similar to that of peripheral alpha motor axons. Rothwell et al., (1992) showed more directly that facilitation of a near-threshold magnetic pulse by a subsequent anodic electrical pulse had a decay time constant of 80-100 µs, i.e., similar to that of peripheral alpha motor axons, thus approximating the nodal membrane time constant (Tasaki, 1959) .
AXONAL EXCITATION
What aspect of the electric field excites the axonal nodes? With stimulation through external electrodes, the classic cable equation indicates that membrane current can exit a node only when the external electric field diminishes-the outward current being proportional to the negative spatial derivative of the electric field. However, magnetic pulse stimulation introduces a major change from electrical stimulation in that the electric field is induced inside the axon in addition to the surrounding volume conductor (Nargarajan and Durand, 1995) . Where the induced electric field is uniform no voltage difference is imposed across the thin axonal membrane and therefore no excitation occurs. Therefore, a curved axon lying under the middle of the windings of a circular coil would lie in a uniform electric field and therefore be unexcited until the axon crossed the coil windings.
With a straight axon, a magnetically induced electric field could cause excitation in several ways. Where the circular windings depart from the axon, and the electric field is directed away from it, a negative spatial derivative of the electric field is created (Basser and Roth, 1991; Maccabee et al., 1993) . Similarly, an inhomogeneous volume conductor can introduce a secondary source (Durand et al., 1989; Maccabee et al., 1993). Many axons entering or leaving the cerebral cortex do not travel in straight lines but have one or more bends on entering white or gray matter. The influence of bending was modeled for cerebral cortex (Amassian et al., 1992a) and peripheral nerve (Maccabee et al., 1993) . When a straight axon bends out of a strong linear electric field, membrane current exits near the bend; i.e., the bent axon replaces the volume conductor as the frame of reference. A key difference between excitation of straight and bent axons is that excitation of a straight axon occurs optimally near the peak negative spatial derivative of the electric field, but that of the bent axon occurs near the peak electric field. This has several implications. First, calculating the spatial pattern of the electric field and its derivatives induced in a volume conductor by a magnetic pulse does not enable one to predict what axons are excited; second, it is also essential that one know the location of the anatomic structures in the field and their orientation.
The relevance of these basic considerations to TMS of visual cortex is apparent when compared with the optimal location of a circular coil for suppression of foveally presented linguistic symbols. Suppression is symmetrical when the inferior windings are also symmetrical about the midline, i.e., the peak electric field under the lower windings overlies the foveal representation (Fig. 1) . When a circular coil of 9.8 cm OD is used, the negative spatial derivative in the horizontal axis is~5 cm lateral to the midline, i.e., far from the foveal representation. Because of the greater efficacy of the peak electric field over its derivative, the likely site of excitation is a bend in axons entering or exciting calcarine cortex near the midline. Furthermore, the variable location of the striate area includes its extension onto the posterior pole of occipital cortex (Brindley, 1972) , which implies that in some persons the bends may be quite close to the coil. (The different effects on the visual system produced by circular coils of different diameter and by figure-of-eight coils are described herein).
FIG. 1. Electric field induced in a spherical saline volume conductor by a round coil ( left), the effect of reversing the electric field polarity on visual suppression(middle), and possible sites of excitation (right). Left: Coil current is clockwise, inducing an anticlockwise electric field in the volume conductor. The length of the arrows is proportional to the field intensity, at 1-cm intervals. Distant positions of peak derivatives of the electric field (squares). Middle: In same subject, an anticlockwise field differentially suppresses the right letter of a trigram flashed 90 ms earlier. Right: Diagram of possible sites of excitation. The bend in the axon(3) is considered the most likely. End excitation (Reilly, 1989) is less likely because of high core resistance in the axonal arborzations (1) and reduced electrical excitability in dendritic arbors (2) as compared with axonal nodes. Combined from figures in Amassian et al. (1994b) with permission.
Excitatory and Inhibitory Effects of Axonal Excitation
The excited axons may have either excitatory or inhibitory effects, which may be local or distant. Both excitation and inhibition occur in the visual cortical system. No intracellular data are available on the effects of magnetic pulses on visual or other cortical areas; the size of the stimulus artifact would pose a major technical problem. However, an intracellular study of the effect of a brief electrical pulse applied to the pial surface of feline motor cortex is probably similar to the effect of a magnetically induced electric field if the orientation of the induced field is taken into consideration. The effect of the electrical pulse is to cause either direct discharge or early excitatory post-synaptic potentials (EPSP) and discharges in both output neurons (specifically corticospinal tract) and motor cortical interneurons, followed by prolonged inhibitory postsynaptic potentials (IPSP) (Rosenthal et al., 1967) ; the IPSP are probably GABA mediated (Krynjevic et al., 1966) . By contrast, a more tangentially oriented electric field tended to activate the neurons transynaptically, i.e., indirectly (Amassian et al., 1987) . Similarly, a coil oriented to induce an electric field parallel to corticocortical fibers in the posteroanterior axis preferentially produces indirect excitation of human cortico-spinal fibers; by contrast, when the induced electric field is oriented parallel to corticospinal fibers in the lateromedial axis, these are directly excited (Amassian et al., 1992a) . Because the coils are tangentially applied over visual cortex, much of the excitation of visual output neurons is probably transynaptic (I) rather than direct (D).
Transynaptic responses in cat, monkey (references in Amassian et al., 1987) , and human corticospinal tract recordings (Burke et al., 1990; Kaneko et al., 1996) often consist of a brief train of highly periodic discharges at 500-600 Hz. In monkeys, superficial excitation by a microelectrode preferentially elicits late I waves and these are preferentially depressed by cooling the pial surface; these experiments confirm the original vertical plan of cortical organization of Lorente de No (1938) and imply that the excitatory effects of a magnetically induced electric field are likely to lead initially to a brief repetitive discharge in visual cortical areas.
During the subsequent IPSP, ongoing cortical neuronal discharge is reduced or abolished, except possibly in inhibitory interneurons; this poses a problem of interpretation in regional metabolic studies. What is the net effect on metabolism of early activation and subsequent prolonged inhibition? Indeed, physiologically inhibitory effects can be coupled with increased metabolism. Spatially, effects of neural excitation are often a central zone of excitation surrounded by an inhibitory zone. Thus, the effects of TMS pose a problem of interpreting opposite actions in time and space.
TMS AND RTMS OF CALCARINE CORTEX

Suppression
Repetitive electrical stimulation of the cerebral cortex has long been known to interfere with its processing functions in speech (Penfield and Roberts, 1959) , and single-pulse TMS of motor cortex was shown to delay voluntary responses to a signal (Day et al., 1989) . By making an analogy to the prolonged IPSP produced in motor cortex by an electrical pulse, investigators argued that visual cortical suppression might occur if (a) the visual stimulus was brief as compared with the presumed duration of the TMS-induced cortical IPSP; (b) the cortical area initially processing the visual input lay in the TMS-induced electric field; or (c) any temporary storage area or (d) mode of subsequent transmission of the representation included membrane events susceptible to the TMS-induced electric field (Amassian et al., 1989) . To these requirements may be added the selection of appropriate visual stimuli to minimize the proportion of subject responses that are correct by chance, thereby minimizing the number of TMS stimuli required to achieve significant suppression, an important consideration when high stimulator output intensities are required.
In our original study, a trigram of randomly chosen alphabetical letters was used, which with sampling with replacement yielded 26 3 possible stimuli. However, when a letter is counted as correct wherever reported in the trigram, the number of distinguishable stimuli is reduced, but is still very unfavorable for correct reporting by chance; e.g., reporting 3 correct letters in any possible sequence improves chance reporting by a factor of only 3 × 2 = 6. The letters were flashed for 1/60 s, but the light intensity decayed rapidly after 2 ms. Each letter subtended 0.4°-0.8° of visual angle. Either "dark" letters on a light background or "light" letters on a dark background were used. Visual suppression may not be attainable with the available stimulator outputs if the luminance of the letters is too high; therefore, the luminance should be reduced until the subject makes or is close to making errors ( Fig. 2) (see parametric studies of Beckers and Homberg, 1991; Masur et al., 1993) . An important limitation when using letters (or numerals) subtending a small visual angle is that the effect of TMS is studied on only a portion of the foveal representation. Using bright 0.3° dots with a perimeter, Kastner et al. (1998) demonstrated suppression as distant as 9° from the visual axis, which significantly extended the portion of the visual field explored by TMS. described suppression of disappearing extrafoveal targets, which subtended 7.5° horizontally and 5° vertically. The study included use of a four-loop butterfly coil and demonstrated a topographical distribution of effects. Subsequently, an extrastriate area for suppression was detected, also through use of the disappearing-target paradigm . In our initial experiments, we used the tape-wrapped 9.2-cm OD (9.8 cm epoxy covered) round coil Cadwell Laboratories, Kennewick, WA, U.S.A.), with the inferior windings ~2 cm above the inion and the coil tangential to the scalp and symmetrical across the midline. Whereas the inferior windings overlay medical calcarine cortex bilaterally, the lateral windings crossed the scalp over Brodmann areas 18 and 19. The unmodified Cadwell MES-10 stimulator induces a damped polyphasic electric field so that both areas 18 and 19 also receive significant stimulation. By contrast, conventional Magstrim (Whitland, Wales, U.K.) and Dantec (Skovlunde, Denmark) stimulators induce an electric field that is more nearly monophasic in amplitude, with the possibility of asymmetrical effects on areas 17, 18, and 19 (described herein).
The effect of a high-intensity magnetic pulse (90-100% of maximum Cadwell MES-10 output) is shown for 3 subjects in Fig. 2 . In 2 subjects, errors in reporting became significant at intervals between visual and magnetic stimulation of 60-80 ms; in the third, errors became significant between 40 and 60 ms. Suppression was almost complete between 80 and 100 ms. Substantial recovery occurred between 100 and 120 or between 120 and 140 ms. Later, chromatic contrast stimuli were presented to subjects with normal color vision. In the 3 subjects studied, presenting equiluminant green letters against a red background prolonged the period of suppression by 20-40 ms (Maccabee et al., 1991) . The transitions between suppression and correct reporting are of interest because of the delayed tentativeness of the report, even when correct. It is as though the visual traces are weakly registered and therefore not consciously readily accessed and reported.
Controls are required for the effects of the loud click of the energized coil and concomitant stimulation of neck muscles and of the facial nerve leading to blinking. The best control for these may be provided by the effect of moving the round coil; moving it to the left or right by >2-3 cm allows the right and left letters of the trigram, respectively, to be differentially suppressed. Similarly, in a vertically arrayed trigram, moving the coil up by 3 cm allowed differential suppression of the bottom letter. The topography of the suppression fits an effect on area 17, although the distances may be surprising. A study of stimulus position-intensity relations is warranted. Blinking secondary to magnetic stimulation over the occiput would indeed prevent correct reporting, but the suppression would occur much earlier (Volkman, 1986) , as shown by the visual suppression by facial N stimulation (Fig. 3) .
FIG. 3. Effect of blinking on reporting a briefly flashed trigram. The subject's left facial nerve was electrically stimulated before the visual stimulus (right eye closed). The period of reduced reporting was extended leftward to 300 ms when the supraorbital nerve was stimulated, causing reflex blinking.
The delay for TMS when suppression first appears is a variable. The weaker the visual stimulus, the greater the delay for visual input to reach area 17, as it was in elderly subjects in our study group. Of clinical interest is the finding that in patients with optic neuritis, the delay for suppression is increased, as is that of the visual evoked response (Masur et al., 1993) .
The above findings on visual suppression depend on use of a round coil>9 cm OD. Suppression is hard to demonstrate with the smaller 5.5 × 6.0-cm Cadwell "Pediatric" coil, which is effective over motor cortex; this implies that in such persons the relevant striate cortex is mostly below the surface of the occipital pole. Similarly, the 5 × 10-cm Cadwell figure-of-eight coil is relatively ineffective when tangentially applied with the junction region in the plane of the horizontal portion of the calcarine fissure, whereas the 7 × 14-cm coil in the same orientation can suppress vision. Such coils are especially useful in suppressing perception of a hemifield stimulus; e.g., a numeral subtending 0.6° and presented 2° to the left of the fixation point is suppressed by the coil with its junction region sited just to the right of the midline.
When the induced electric field is nearly monophasic in amplitude, the direction of the field influences which letter in a horizontal trigram is preferentially suppressed. A field directed from left to right tends to suppress the rightmost letter; i.e., the left area 17 is the more inhibited (Fig. 1 ). This finding can be explained by current exiting the geniculocalcarine fiber bend before entering the banks of the calcarine fissure and posterior occipital pole (Amassian et al., 1994b) .
Visual suppression by single-pulse TMS is presumed to be subserved by an IPSP in calcarine cortex. Figure 2 shows a possible mechanism of suppression. The IPSP is presumed to occur a few milliseconds after the magnetic pulse; at intervals first yielding suppression, the IPSP would occur at about the time of arrival of the visual input and persist during early processing. (A possible test of this hypothesis would be to determine if GABA-potentiating anticonvulsant agents increased the magnitude of the suppression and extended its duration). However, other possibilities are not excluded, such as antidromic excitation of geniculocortical fibers with recurrent inhibition in the lateral geniculate. Alternatively, inhibitory actions of corticogeniculate neurons may be involved (described below).
When does the visual representation adequate for correct perception and a report emerge from area 17? Initially, we proposed that the necessary information exited when the magnetic pulse was applied too late to elicit suppression. However, the use of two magnetic pulses showed that the first pulse given just before the arrival of the afferent input (e.g., 50 ms after the visual stimulus) and ineffective alone nevertheless rendered a second pulse given as late as 150 ms effective, nearly complete recovery occurring after 200 ms. Recovery was further delayed to 300 ms by a third pulse (Fig. 4) . Thus, a magnetic pulse can have a "concealed" conditioning effect in delaying processing that is revealed only by a later test pulse. The implication of this finding is that the visual representation may emerge an unknown time after the magnetic pulse ceases to cause suppression, which would render unreliable its use in timing exit of information from area 17. Several types of experiment support the original linkage of termination of suppression to exit of information from area 17. First, use of two magnetic stimuli at 40-ms interval demonstrates almost identical recoveries from suppression; i.e., the information has already exited before the second pulse. The second (visual unmasking) and third types of experiment (timing of facilitation of laryngeal responses to frontal lobe stimulation) are described below. How an early first pulse exerts it concealed effect has not been elucidated. The most likely explanation is that the visual stimulus, although very brief, leads to a prolonged pattern of discharge at successive visual relays; a magnetic pulse-induced IPSP silences only early discharges in the representation, perception then being based on the later discharges in the impulse train. If this were so, the neural spatial coding might be preserved better than the temporal coding after an IPSP in which rebound effects and oscillations may be introduced into the response. FIG . 4. The effect of 1, 2, or 3 transcranial magnetic stimulation (TMS) pulses on visual suppression in same subject. Single pulses (squares) apparently were ineffective at 50 and 150 ms intervals, but suppressed completely at 100 ms. Two pulses (circles) and three 16/12/2004 15:15 pulses progressively delayed recovery. Intervals between pulses are indicated by numbers at plotted points. From Amassian et al., 1993d with permission.
A more remarkable concealed effect of TMS was detected when an apparently ineffective pulse given synchronously with the visual stimulus was followed 50 ms later by another pulse, which was ineffective when given alone. This twin TMS pulse combination elicited statistically significant suppression, although any cortical IPSP set up by the pulse at 0 ms would be expected to have diminished significantly 50 ms later. Possibly, such early conditioning has an entirely different, e.g., subcortical mechanism (Amassian et al., 1993d) .
Because recovery from suppression approximately signals the exit of the necessary component of the visual representation for perception, we may question whether representations of different types of visual stimuli have similar exit times. As a result of learning to read, the exit times from area 17 might be progressively diminished for alphabetical letters and common words containing the same number of letters as compared with arbitrary combinations of lines. However, no such difference could be demonstrated, implying that any learning effect on the connectivity subserving such processing occurs beyond area 17 (Amassian et al., 1993a) . Using a masking paradigm, Solomon and Pelli(1994) showed that letter identification and grating filters were identical, implying processing by a single visual filter.
A remarkable example of cross-modality plasticity was disclosed by the suppressive effect of rTMS over visual cortex during Braille reading by subjects who were blind from an early age (Cohen et al., 1997) . Such stimulation was ineffective in persons with normal sight. Either blind Braille readers routed somatosensory input to occipital visual areas where it was suppressed by rTMS or rTMS mediated transmission of inhibitory input to higher (association) cortex.
Unmasking
A disadvantage of the visual suppression paradigm, whether based on calcarine cortical or higher level TMS, is that an effect is measured by the failure of the subject to respond correctly. Especially in naive subjects, nonspecific factors may play a significant role in response errors and may be hard to assess when topography of the TMS effect is lacking.
The long-known backward visual masking paradigm (reviewed by Michaels and Turvey, 1979) provided an opportunity for TMS to elicit a positive index of its effect (Amassian et al., 1993a) . The trigram first flashed (the target) had approximately one fourth the luminance of the second trigram (the mask). The luminance of the target was reduced until when given alone, the subject then made errors. Given 100 ms later, the mask then suppressed completely correct perception of the entire trigram (Fig. 5) ; as a control for noise effects from the click of the energized coil, the coil was also tested off the head. When the masking stimulus was later followed by a magnetic pulse over calcarine cortex at test intervals >60 ms but <160 ms, the target trigram was unmasked with a peak at 100 ms. If inverted, the curve of unmasking closely resembles the visual suppression curve. The slightly longer recovery time for masking (i.e., by 140-160 rather than 120-140 ms) may reflect slower conduction of the representation of the second (mask) stimulus. Evidently the exit of the representation of the mask necessary for masking did not occur as late as 160 ms, or the magnetic pulse at 160 ms would have failed to prevent masking. This finding further supports the inference already made regarding the exit time of visual information from calcarine cortex. Unmasking by a magnetic pulse occurs not only with letter stimuli, but also with words and with arbitrary patterns. The overall strategy in all the experiments is to maximize the interval between target and mask so that the later magnetic pulse acts primarily on the mask, with minimal effect on the target. When the interval between target and mark is long, an inference can be made as to the site of the masking. For example, at an interval of 100 ms, the arrival of the representation of the second visual stimulus and its initial synaptic transmission required a delay of at least 60 ms, but by 100+ 60 = 160 ms the representation of the first stimulus required for its perception would have left area 17. Therefore, masking at a target-mask interval of 100 ms probably occurs in extrastriate areas (described below).
Phosphenes
The earliest report of TMS included a mention of phosphenes (Barker et al., 1985) , who made these observations using a large round coil of 14-cm OD. In 1991, Marg reviewed magnetophosphenes. Before considering the appearance of the phosphenes induced by TMS and their possible neural mechanism, it is useful to describe those elicited in a parametric study of repetitive, brief electrical pulses applied directly to the pia over calcarine cortex of a blind subject (Brindley and Lewin, 1968) . Focal stimulation through a 0.8-mm electrode usually elicited a very small spot of white light; those "further from the point of regard are somewhat elongated. The length being from 1½ to 4 times their width." These lay 10°-20° from the midpoint. The most peripheral phosphenes (>20° eccentric) were cloudlike. When two focal electrodes were stimulated simultaneously, the phosphenes were usually distinguishable, but in a few cases, a strip of light was reported. The optimal frequency for eliciting phosphenes was 100-160 Hz; the chronaxie estimated from the data of Brindley and Lewin (1968) was 60-90 µs, such brevity implying that axons were being electrically stimulated.
The phosphenes elicited by single-pulse TMS over occipital lobe differ markedly from those obtained with focal electrical stimulation. They are hard to elicit with small coils (9.2 cm OD, Amassian et al., 1989) (figure-of-eight coil, Meyer et al., 1991) , but are easily elicited with circular coils of 14 or 12.5 cm OD. In 10 of 15 subjects Meyer et al. (1991) elicited phosphenes that were white, cuneiform, and usually in the lower halves of the peripheral visual field. When the induced current flowed at the occiput from the right to left, phosphenes occurred optimally in the left field, i.e., the right visual area was excited, paralleling the optimal direction for visual suppression. Our experience with large circular coil stimulation has been limited, but faint white angulated linear phosphenes in the peripheral field were observed.
The implication that large coils can elicit peripheral field phosphenes, while small coils do so less frequently, suggests that large coils elicit phosphenes by exciting at greater depth. Because peripheral sites in the visual field are represented in deeper calcarine cortex than is the fovea(e.g., Harrington, 1976) , it is tempting to attribute the greater efficacy of large coils simply to their induction of electric fields that excite fiber connections to or from deep calcarine cortex. However, this would not explain why the stronger, superficial electric field induced by a small-diameter coil does not readily produce phosphenes at the fovea. Another possibility is that large coils excite a different visual system as suggested by the extraordinary facilitation by frontal lobe stimulation of occipitally induced phosphenes discussed in the section on the Role of the Frontal Lobe Output in Visual Perception.
TMS OF V5: SUPPRESSION
The use of visual suppression by TMS has been extended to V5 (Beckers and Homberg, 1992; Beckers and Zeki, 1995) a visual motion processing area of cerebral cortex. A random dot pattern was displaced in a fixed 2° × 2° window, the dots moving at 4.5°/s against dynamic noise background at a frame rate of 71 Hz. A 90% detection rate was obtained when the exposure to moving dots was reduced to 42 ms (three frames). A stationary background was used for detection of direction of motion at various visual stimulus eccentricities from 4° to 9°, presented to each hemifield. The direction of motion was suppressed to a varying degree when the TMS pulse was delivered over presumed V5 between <10 ms (before) and + 10 ms (after) the initial frame onset. The TMS effect on the hemifield was crossed and slightly asymmetric, being greater on the left V5. Color vision was not suppressed by V5 stimulation.
Although TMS applied over V5 apparently suppressed perception of visual motion, the timing of suppression was quite surprising. For example, based on the presumed mechanism of suppression of V1, the theoretical timing of TMS motion suppression can be calculated as follows: The arrival of input at V5 has a latency of 60 ms (ffytche et al., 1994) . Because the TMS would take a few milliseconds (<= 10 ms) to generate a significant IPSP, the TMS might start to suppress at 60 -10 = 50 ms after the onset of visual stimulation. (Indeed, a later part of the moving stimulus is more appropriate, because three frames lasting 42 ms were used, yielding 90% incidence of correct responses). Because Beckers et al. showed that V5 suppression begins -10 ms before the visual stimulus, the discrepancy with V1 suppression extends from -10 to +50 = 60 ms. Clearly, the mechanism of TMS suppression over V5 in their experiments is quite different from that over V1. Their reported timing for V5 suppression is a little later than that of blink suppression; unilateral stimulation of the facial nerve at 0 to + 10 ms did not impair motion perception (Beckers and Zeki, 1995) . (It is unfortunate that the details of the visual field stimulated were not provided). Presumably, the contralateral eye was covered. However, if it was uncovered and blinked, it would not have been an adequate control, because its timing, being produced by a reflex, would have been later than that of the eye ipsilateral to the facial stimulus). The postulated suppressive effect exerted through V5 by TMS at -10 ms would have a latency of ~60 ms, which would be surprising for directly stimulated cortex but possibly consistent with delays in transmission to a higher processing level involved in conscious perception of the visual motion.
Any need to invoke a special mechanism for suppression of perception of visual motion seems unnecessary given the timing for suppression reported by Hotson et al. (1992 Hotson et al. ( , 1994 ; TMS over parietolateral occipital cortex suppressed perception of motion 100-150 ms after the onset of a 50-ms motion stimulus. Although the time relations were a little longer than for V1 suppression, the extra delay is consistent either with a later component of the moving stimulus being the appropriate timing reference or a longer latency of central pathway. In their studies, Hotson et al. (1992 Hotson et al. ( , 1994 appear to have measured the correct timing over visual motion-detecting cortex.
The relation of V1 to V5 processing in perception of motion is unclear. For example, Fig. 3 in Beckers and Homberg (1992) and Fig. 1 in Beckers and Zeki (1995) show smaller and later impairment of detection of motion direction with central fixation than with V5 stimulation and more eccentric visual stimuli, which contributed to their conclusions that the input to V5 bypassed V1. However, much of V1 is buried in the calcarine fissure, whereas V5 is exposed on the lateral surface. Therefore, a much stronger TMS pulse would be required to elicit an equal level of suppression in the depths of the calcarine sulcus. (Paradoxically, antidromic activation of visual motion-related V1 fibers projecting to V5 by the tangential TMS-induced field could be a more efficient way of affecting such neurons). The difficulty of comparing V5 and V1 capabilities is further compounded when an ineffective coil orientation is used on V1. For example, Fig. 1C of Beckers and Zeki (1995) shows a vertically oriented junction of a figure-of-eight coil in the midline and approximately at the level of the calcarine cortex are located the lower ends of the coils, in which the electric currents flow in opposite directions (thereby obviating the purpose of the figure-of-eight coil, where they flow in the same direction in the junction region, thus doubling the amplitude of the induced electric field).
Is there less ambiguous evidence about the relation of V1 to V5 in visual motion detection? Beckers and Zeki (1995) cite the persistence of albeit cruder motion detection in a hemianoptic patient as evidence for the minor input to V5 that bypasses V1 subserving this function. However, plasticity in human cerebral cortical systems may lead to very rapid changes in somatosensory (Kass, 1991) and human motor systems (Brasil-Neto et al., 1993) . The evidence of altered pathways accompanying rehabilitation is commonplace, so that evidence from lesions is suggestive but not necessarily compelling as to the pathway existing before the lesion occurred, especially where there is more than one fast input to the region before the lesion. The electrophysiological evidence of earlier time of arrival of sensory information at human V5 versus V1 (ffytche et al., 1994) is not compelling. Scalp recordings over V5 are not subject to as severe a degree of phase cancellation by opposing calcarine dipoles as that to which they are subjected over the surface of the occiput. Although very short latencies have been observed for occipital input, e.g., 32-37 ms in patients with myoclonus (Artieda and Obeso, 1993) and as brief as 31 ms in striate cortex of a patient with epilepsy (Wilson et al., 1983) , these were obtained with wholefield illumination and not the types of visual input used in TMS studies.
Although the importance of V5 in detection of visual motion is not in doubt, the role of V1 as the important intermediary in sensitive movement detection in the intact human is not excluded. Other evidence that V1 can be bypassed in a reaction time paradigm is presented in the section on Vocalization of Visual Stimuli.
TMS AND rTMS OF HIGHER LEVEL TEMPOROPARIETOOCCIPITAL (TPO) AREAS: PERCEPTUAL ERRORS, UNMASKING AND INATTENTION
Single-Pulse TMS
Repetitive electrical stimulation of exposed human cerebral cortex interferes with language production and expression (Penfield and Roberts, 1959; Ojemann and Mateer, 1979) . Soon after the suppressive effects of TMS on calcarine cortex were detected, we attempted to interfere with letter and word perception by TMS stimulation of(TPO) cortex; however, almost 100% of maximum stimulator output (2-2.2T) fed through a tangentially oriented 9.2-or a 9.8-cm OD, round coil failed to prevent correct perception of language symbols. (There are several possible explanations for the greater efficacy of repetitive stimuli, but they are discussed preferably with rTMS.) Because the experiments were started in 1987 before rTMS became available, it was necessary to test more complicated linguistic stimuli than single words. For example, a second word occurring 50-83 ms after the first is normally correctly reproduced and in the correct sequence. However, single TMS pulses applied to TPO cortex can produce statistically significant reductions in retrieval of words and in their correct sequence (Amassian et al., 1990). With TMS suppression at calcarine cortex, the topography of the error induction was an important control of nonspecific effects. With widespread stimulation of TPO cortex by a round coil, the appropriate control in a right-handed subject was provided by demonstrating a statistically significant effect with left but not right TPO stimulation. When only the left TPO cortex was stimulated, an appropriate control was provided by using focal TMS and demonstrating different effects related to coil position. For example, using the edge of a round coil over motor cortex, movement of a predominantly single digit can be elicited (Amassian et al., 1995a) . Edge stimulation over TPO cortex with the round coil directed anteromedially has the advantage of directing magnetic flux away from auricular and masticatory muscles. Figure 6 shows that at two sites, presumed to be near Wernicke's area and the supramarginal gyrus, word errors occurred that were significant only if errors in word sequence were also counted. In such experiments, subjects frequently substitute a word that was correct in the antecedent trial; therefore, the defect is unlikely to be in short-term memory. FIG. 6 . Effect of single-pulse TMS on two-word retrieval and correct sequencing as a function of magnetic coil (MC) pulse delay and position. Right, top: xy coordinate system superimposed on presumed brain structures associated with language interpretation. The right angles at each position of the MC represent edge orientation directed anteromedially. At two xy coordinates (-1, 5) and (-1, 6), the errors were statistically significant only when word reversals were also included in the error count (described below). Right, bottom: An actual sequence of twin words with errors shown(scored 0). Left, top and bottom: Proportion of correct responses for 83 and 50 ms between words, respectively, as a function of delay of MC pulse from first word. Reductions were significant only at delays of 120 and 90 ms. (Diagram of brain in skull from Amassian et al., 1995a with permission.) Unmasking by single-pulse TMS of TPO cortex in a right-handed subject was reported by Amassian et al., (1993a) . As compared with TMS of calcarine cortex, a higher intensity is required and the unmasking is weaker when TPO cortex is stimulated, although closer to the coil. Unmasking failed to occur with right TPO stimulation. The unmasking paradigm can be elaborated by forward and backward masking words, the objective being to distance the TMS pulse from the target-the middle word (Fig. 7) . Again, unmasking occurred only with left TPO stimulation. FIG. 7 . Unmasking a word by single-pulse transcranial magnetic stimulation (TMS) of left, but not right temporoparietooccipital (T-P-O) cortex in a strongly right-handed subject. Masking of the target (word) at the appropriate test intervals required a combination of forward (word 1) and backward (word 3) masking. From Amassian et al. (1992b) .
rTMS
Why are the effects of single-pulse TMS on TPO cortex weak as compared with repetitive electrical stimulation? Possible explanations are, first, that repetitive stimulation temporally facilitates access to other cortical or subcortical regions involved in parallel processing. Clearly, even with the 9-cm coil tangentially applied, large areas of TPO cortex escape simultaneous stimulation by a single pulse. Second, the word representations may be stored in a modality (e.g., chemical) less susceptible to single-pulse TMS-induced membrane potential changes. Third, visual cortex 1, 2, or 3 may continue to transmit the visual representation if a confirmatory back signal is not received from the recipient TPO cortex after the TMS pulse.
Although rTMS of the visual system can prolong cortical suppression (Fig. 4) and is therefore a more powerful tool for interfering with information processing, an important advantage of single-pulse TMS is compromised, i.e., the ability to time the flow of information through the visual system. Figure 8 shows that rTMS applied to the left TPO cortex significantly reduced correct reporting of a random two-word visual stimulus over the control value, regardless of whether 4 pulses at 16 Hz or 6 or 7 pulses at 12.5 Hz were applied (with the proportionality test, p-values were <0.025, 0.01, and 0.005). Correct responses with right TPO stimulation did not differ significantly from control (Z score = 0.44). FIG. 8 . Effect of repetitive transcranial magnetic stimulation (rTMS) trains to left and right temporoparietooccipital (T-P-O) cortex on correct responses to two-word combinations, in a strongly right-handed subject. Right: Presumed location of 9.8-cm round coil. Left: Four pulses at 15.5 Hz and 6 and 7 pulses at 12.5 Hz, respectively, tested on left T-P-O cortex and 6 pulses at 12.5 Hz tested on right T-P-O cortex.
A more complicated visual stimulus is provided by a stream of eight words at 10 Hz (Amassian et al., 1992b) . Usually, the first and last words in the stream are reported, with intermediate words infrequently reported. Presumably, backward masking of the first word by the second is reduced by the third, and so on, until the eight (last) word, which is not backward masked. An rTMS train of 7 pulses at 12.5 Hz prevented reporting of the eighth word (and the seventh) when applied to left but not right TPO cortex (Fig. 9) . Contralateral extinction was successfully produced by unilateral rTMS of the parietal lobe when bilateral visual stimuli were presented (Pascual-Leone et al., 1994) . The subject had to respond by a left or right finger press or by both right and left presses when a lighted asterisk appeared on the left or the right or on both sides, respectively, of a computer screen. With parietal (unlike occipital) stimulation, single visual stimuli on either side were perceived, but with bilateral visual stimuli the contralateral visual stimulus was missed. Operationally, this result may be described as visual inattention or"neglect."
Beyond the initial sensory cortical processing areas, higher cortical areas usually must be "stressed" by the complexity of the task for TMS or rTMS to disclose a defect. When using an rTMS train, one can conclude that the effect is produced at some time either during or after the end of the train. The time resolution might be improved if the effect of dropping members from an effective train of rTMS were systematically studied, i.e., if the least effective number of pulses at the optimal frequency were determined.
ROLE OF FRONTAL LOBE OUTPUT IN VISUAL PERCEPTION
Facilitated Phosphenes
The difficulty of eliciting phosphenes when single-pulse TMS is delivered through a small coil to occipital lobe has been described. A possible role of frontal lobe output in facilitating TMS-projected sensations arose earlier from the finding that projected sensations of movement and paresthesias were elicited by single-pulse TMS applied to frontal but not to parietal lobe . The lack of effect of a single electrical stimulus to parietal lobe had been reported earlier by Libet et al. (1964) , who concluded that the significant cortical response elicited by the electrical pulse was clearly insufficient to reach consciousness. We attributed the elicited sensations to frontal lobe, readily accessing consciousness probably through the known heavy projections to the intralaminar system. Tsubokawa et al.,(1993) reported that all patients in a series with central deafferentation pain reported paresthesias with motor cortical repetitive electrical stimulation and attributed the central pain to a heightened sensitivity of this accessed perceptual system. However, the rather precise localization of the projected somatosensory sensations from TMS of frontal lobe appears to conflict with bypassing the parietal lobe because somesthesis is permanently degraded after postcentral gyrectomy (Corkin et al., 1970) . Because of the proximity of frontal and parietal lobes, concomitant activation of both lobes by spread of the electric field, or through synaptic connectivity could also contribute to frontal lobe, projected somatosensory sensations. The involvement of both lobes is implied by the absence of paresthesias in a patient with parietal lobe damage whose frontal lobe was electrically stimulated for relief of central pain (Peyron et al., 1995b) .
Clearly, a more rigorous test of the hypothesis that frontal lobe output facilitates conscious perception of the activity of a primary cortical receiving area would be provided by TMS stimulation of frontal lobe and the primary receiving area through widely separated coils, e.g., stimulating frontal lobe and V1 (Amassian et al., 1994a (Amassian et al., , 1998 . The subject was masked, with eyes usually closed. When the calcarine stimulus was delivered through a coil no larger than 9.8 cm OD, no or few phosphenes were reported. Stimulation of the frontal lobe through an ovoid (5.5 × 6 cm OD) or figure-of-eight (5 × 10 cm) coil with windings mostly anterior to motor cortex did not elicit phosphenes when given alone; when preceded at 0-75 ms by TMS over calcarine cortex, usually achromatic, complex phosphenes were reported; when colored, they were yellow or green. The phosphene shapes reported included bundles of lines, sawtooth figures, curved lines, bands, and large dots. Although the left frontal lobe was usually tested, facilitation was also detected with right frontal stimulation. The location of the phosphene depended on the calcarine site stimulated; e.g. when stimulating with a double square (7 × 14 cm OD) coil with the junction region horizontal over right calcarine cortex and the coil bifurcation near the midline, the facilitated phosphene was a bunch of white lines in the left visual field.
The subjects in the above experiments appeared both alert and motivated. It seems unlikely that facilitation of the phosphenes is identical to the attention mechanisms described by Fuster (1980) . When compared with the small spot phosphenes elicited with focal electrical stimulation by Brindley and Lewin (1968) , it is apparent that a vast number of cortical neurons must have been briefly activated by TMS of calcarine cortex without reaching consciousness, unless followed after a short interval by frontal lobe output. (Possibly large coils readily elicit phosphenes because in addition to briefly exiting visual cortical neurons, they also excite deeper connections with the thalamus). The analogy with lack of perceptual effect of single-pulse TMS to the parietal lobe is striking and is similarly explained for both sensory areas (Fig. 10) . We envisage frontal lobe output as opening a thalamic gate for brief parietal or occipital outputs, which then reach consciousness, possibly through additional thalamocortical reverberation (Llinas and Ribary, 1993; Joliot et al., 1994) . Frontal lobe output is not required when input to the intralaminar, reticular, and higher level thalamic N is available through peripheral stimulation. Akinetic mutism from bilateral frontal lobe damage is compatible with conscious perception as evidenced in reports by recovered patients. FIG. 10 . Effects of (left) single-pulse transcranial magnetic stimulation (TMS) on calcarine cortex (small coil) and parietal lobe with (middle) repetitive electrical stimulations of these structures and with (right) single-pulse TMS to both frontal lobe and calcarine cortex. Right top: Frontal lobe TMS opens a thalamic input or output gate related to brief calcarine (or V2, V3) output. Right, bottom: Frontal lobe TMS leads to projected somatosensory sensations . Secondary activation of parietal lobe (described in text) may substitute for the need for an additional TMS pulse applied directly to the parietal lobe ( cf visual system). Possible targets in thalamus include intralaminar N, "higher" N, and reticular N. From Amassian et al., 1998 with permission.
Facilitated and Distorted Perception of Visual Symbols
A major difficulty with subjective reports of frontally facilitated sensations is their statistical validation; therefore, the visual suppression paradigm was modified to allow such testing (Mari et al., 1996; Amassian et al., 1998) . The luminance of 4 briefly flashed, randomly generated alphabetical letters was reduced to the level when only one or two letters on average were correctly reported per trial. The horizontal array subtended a visual angle of 4°. An oval coil(5.5 × 6 cm, OD) energized at 80-100% of stimulator output with a delay of 20 ms after the visual stimulus was used. The number of letters correctly reported was increased (proportionality test p-values ranged from 0.05 to 0.01) when the coil lay over frontal lobe close to the midline and ~5 cm or more anterior to the vertex, i.e., probably anterior to premotor cortex. The increase in accuracy of reporting was often, but not necessarily, accompanied by subjective brightening of the letters; the brightening could also be elicited by stimulating sites that did not improve the accuracy of reporting.
Not surprisingly, subjects without TMS responded hesitantly to the faint letters. When TMS improved the accuracy of reporting, usually the delay for the report was reduced and the confidence projected by the subject increased. Remarkably, the subject also gave confident but completely erroneous reports with stimulation of nearby sites. The implication from these findings is that the psychological sense of confidence and perceptual accuracy can be dissociated. Confident erroneous reports occurred too swiftly to be an example of confabulation, clinically known to occur with frontal lobe lesions(i.e., Korsakoff's syndrome). We suggested that the erroneous reports derived from perceptual enhancement of portions of the flashed letters, which were then erroneously combined.
VOCALIZATION OF VISUAL STIMULI: ROLE OF CONSCIOUSNESS OF LINGUISTIC SYMBOLS
We approached the problem of consciousness of visual stimuli through timing information flow from V1 to frontal expressive cortex and vocalization (Amassian et al., 1993b; Cracco et al., 1996; Amassian et al., 1998) . In these experiments, a numeral or alphabetical letters were flashed on a 1/60 s trace and the prealerted subject was required to vocalize the symbol correctly as quickly as possible. Figure 11 shows a latency diagram of impulse flow at several levels, culminating in vocalization with a latency of 345 ms (means and SD of specific studies are provided herein). When the visual stimulus was given, the subjects were expiring or briefly halting respiration, or in the first study, the increased delay associated with inspiration was subtracted. Based on the TMS studies cited in the section on TMS and rTMS of Calcarine Cortex, 130 ms is allowed for exit of the relevant occipital cortical output necessary for correct vocalization of the linguistic symbol. At the motor expressive level, TMS studies yield two types of external laryngeal EMG latencies to frontal lobe stimulation during vocalization (Amassian et al., 1995a) . The shortest latencies, 6-8 ms, are elicited from motor cortex; longer latencies of 13-20 ms are elicited from presumed Broca's area, the lateral extremity of the precentral gyrus, which cytoarchitecturally is area 6 (Campbell, 1905) , and the SMA (Fig. 11 ). An average of 10 ms is allowed for the cortical output pathway and 75 ms is allowed for sound generation (Fig. 11) . After subtraction of 215 ms (130 + 10 + 75) from the overall latency of 345 ms, 130 ms remains for specifying which muscles will be activated, the appropriate temporal sequencing of muscle activation, and the further possibility that conscious perception of the linguistic symbol is a necessary part of correct vocalization. FIG. 11 . Top: Timing of impulse flow representing linguistic symbols leading to vocalization. Below: Recordings of responses along the pathway. Other essential components in conscious perception of the visual stimulus, e.g. the thalamus N (as in Fig. 10) are not shown. Bottom left: multiple paired lower facial and external laryngeal muscle recordings to single-pulse transcranial magnetic stimulations (TMS) of frontal lobe were preceded by a briefly flashed numeral at the indicated times. Facilitation started soon after calcarine output. Bottom middle: Paired voice and laryngeal electromyographic records to single-pulse TMS of motor cortex( above) and "higher" level frontal cortex (below). Subject was saying "aaah" before stimulation. Bottom right, Timing of abdominal and laryngeal muscle activations preceding vocalization. Bottom middle records modified from Amassian et al. (1995a) ; the remaining records modified from Amassian et al. (1998). A possible contribution to the intervening 130-ms delay might be made by conduction of occipital output through traditional language processing areas, e.g., Wernicke's area. However, in a PET study, Posner et al.(1988) demonstrated a route from occipital cortex to Broca's area that appeared to bypass Wernicke's area. We noted that laryngeal EMG response were first facilitated by TMS of the left frontal lobe at a delay of 120-140 ms after the flashed visual stimulus (Fig. 11) but were not facilitated that early when the right frontal lobe was stimulated (Amassian et al., 1995a (Amassian et al., , 1998 . The timing of facilitation of laryngeal responses indicates that visual cortical output soon increases the response to frontal TMS, presumably by depolarizing frontal cortical neurons. However, the role of Wernicke's area in the linguistic task by maintaining excitability of Broca's area through a steady-state influence is highly probable, given the difficulty that a patient with a lesion in this area would have performing the task rapidly.(The analogy would be maintenance of segmental reflex excitability by motor cortical output, with its immediate, although temporary, reduction by a middle cerebral artery occlusion.)
Facilitation of laryngeal responses to frontal TMS does not simply reflect the arrival of occipital output. If vocalization is limited to a subset of the flashed symbols, e.g., odd or even only numerals, the mean increase in behavioral delay of ~70 ms is paralleled by a similar delay in the occurrence of facilitation (Amassian et al., 1998) . These delays in vocalization and facilitation are most likely imposed beyond V1, probably by gating in the frontal lobe.
An important question is whether one must perceive a linguistic symbol before accurately vocalizing it. Clearly, one can voluntarily delay almost indefinitely expressing what is perceived, but if this delay is progressively shortened, does a "crossover" occur, with perception following vocalization? Introspection suggests that perception precedes vocalization; however, introspection can be profoundly misleading, as in a naive person's belief that limb withdrawal from a noxious stimulus is secondary to the sensation of pain. The use of repetitive postcentral gyrus stimuli yielded delays of 0.3-0.5 s for conscious perception (Libet et al., 1964 ), which appears to exclude perception preceding vocalization in the above paradigm. However, the finding that single-pulse TMS of the frontal lobe can elicit conscious sensations, while not providing a measure of perceptual delay, invalidates the use of long trains of repetitive stimuli to measure the minimal perceptual delay.
We attempted to fractionate the intervening 130 ms by setting subjects the following tasks: After a numeral is flashed, as soon as possible: (a) make a noise regardless of what digit was flashed; (b) "blurt out" the numeral without trying to perceive it first; (c) "perceive" the numeral, then say it; and (d) say the same numeral regardless of what was flashed. The latency for making a noise was 218 ± 8 ms (mean ± SEM); blurting out the numerical yielded a latency of 261 ± 8 ms for incorrect responses and 332 ± 8 ms for correct responses; perceiving then saying the numeral yielded a latency of 346 ± 15 ms, and there were very few if any errors (Fig. 12) . We interpreted the difference between 261 and 218 ms (i.e., 43 ms) as related to the motor programming time in frontal cortex, i.e., the time required to initiate the appropriate sequence in cortical motor outputs that leads to muscle activations leading to phoneme production that characterizes the particular numeral vocalized. The latency difference between first perceived and incorrect blurted responses was (346 -261) = 85 ms, which operationally represents the time cost of making the response accurate and is termed the A process. When subjects instructed to blurt out a numeral respond at brief latency, the numeral is usually correct at no better than chance level. One subject (Fig. 12) gave the largest percent of early correct responses; even so, only 7 of 20 responses were correct; i.e. the accuracy was low. In such studies, it is essential that enumeration of the numeral be clear and that the earliest audible sound be the phoneme characterizing the numeral. A nonspecific noise at the start of the response would lead to an erroneously short latency for a correct response. The longer latencies of correct responses recorded with "blurting" probably represent failures to perform the task; 1 subject could not make errors and yielded only a single, late distribution (347 ± 34) when vocalizing the numeral. 16/12/2004 15:15 FIG. 12. Distribution of latencies of vocalization in the same subject after a numeral was briefly flashed. The latency distributions differed according to the task, which is indicated above each distribution; n = number of trials and mean and SD for each distribution. Vertical line was set by fastest "perceiving then saying" responses at bottom. Any earlier vocalizations of the numeral reflect an absence of the A process, i.e., possibly an absence of conscious perception before vocalization From Amassian et al., 1998 with permission.
Does the A process culminate in the introspective sense of having consciously perceived the digit? Clearly, no formal proof can be provided, but it is of interest that other introspectively conscious mental processes have similar time relations. For example, a subject may start vocalizing with the wrong phoneme, e.g., at 277 ms (if blurting), but switch 72 ms later to continue correctly at 344 ms the numeral flashed. After subtraction of input and output delays, driven arithmetic calculations yielded limiting values of 88 ms and 98 ms for addition and subtraction, respectively, of two numbers (Amassian et al., 1993c) . Although the human brain can clearly perform sophisticated arithmetic operations at the unconscious level(e.g., in hitting a moving target), the unconscious processes underlying"mental" arithmetic may be consciously expressed verbally in the tasks described. Therefore, conscious perception of a linguistic symbol may represent the final decision made before its vocalization. Because of the many possible linguistic visual inputs and the complexity of the motor response in speech, any role of preprogramming the response must surely be less than that required when the response is a finger movement. Evidence of preprogramming is provided by the very slight additional delay (6.0 ± 5.5 ms) entailed in subjects saying the same numeral as compared with making a noise, an output clearly different from choosing one of several possible verbal outputs.
The traditional view that V1 is the gateway for representations of linguistic symbols into higher visual cortical systems is upheld by TMS studies. However, in analyzing latencies of noise production in response to a flashed word or picture, the shortest latencies (80-90 ms) in the distributions for expiratory EMG responses obviously were less than the theoretical minimum for the pathway: retina to calcarine cortex, 60 ms; calcarine cortex to motor cortex, 5 ms; motor cortex to abdominal EMG 20 ms, plus intracalcarine and motor cortical synaptic delays, 5 ms; totaling at least 90 ms. When TMS was used to suppress perception of a weakly illuminated visual stimulus applied 90 ms earlier, subjects were uncertain that a visual stimulus had been presented. Nevertheless, their EMG latencies(132 ± 13 ms), although appropriate for a noise response to weak visual stimulus, were too early (132 -90 = 42 ms) for a voluntary response to the TMS pulse (Amassian et al., 1995b) . Such responses may be related to "blind sight," as described by Weiskrantz et al. (1974) . However, no evidence indicates that V1 can be bypassed when a linguistic symbol is perceived and vocalized.
